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ABSTRACT

In order to reduce and prevent the fouling andkdge of Steam Generators (SGs), one of the appgsach
of nuclear operators consists in injecting PolyAicricid (PAA) as a dispersing agent. The goaltoét
injection is to prevent corrosion products depoaiton the surface of SG tubes and to facilitatér the
evacuation through the SG blowdown circuit.

The aim of this study was to evaluate the preventiature of PAA on the fouling deposits (mainly
composed of iron oxides) in SGs and to determiaatiion mechanism(s) of PAA on iron oxides.

The investigation of the effect of PAA on magresuspensions and on the formation of depositdayer
onto (pre-oxidized) Inconel 690TT tubes was congdicThis was performed in a dedicated biphasic loop
reproducing the physico-chemical conditions of pueiged water reactor SGs. The results showed an
increased iron concentration at the loop exit it injection of PAA. Characterizations of the stemp
indicated the apparent diminution of oxide layeéckhess and a change in oxide phase from magnetite
hematite at the liquid-steam interface region mndactor. The study of these effects led us tatitieal
discussion of the hypotheses which can explaimutigerlying action mechanisms of PAA.

Moreover, the SG fouling, including an injectionPAA, has been modelled and showed an increase of
iron quantity at SG blowdown. The proposed mode$ Wwased on the physico-chemistry mechanisms
occurring in SG. The chemical code PhreeqCEA-3.&iod dedicated to reactors application was
successfully used.

INTRODUCTION
The transport and deposition of corrosion produmsnposed primarily of magnetite @g&g), in Steam

Generators (SGs) promotes the fouling of SGs tabhdsthe blockage of the broached tube supportgplate
of SGs units. These corrosion products are gertebgtéhe corrosion of components of the feedwarer |

1 CEA chemical code dedicated to reactors applinatieveloped from USGS software PHREEQC
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of the Pressurized Water Reactor (PWR). The foudind the blockage of the SGs decrease the thermal
efficiency and increase the maintenance costshikirespect, it is critical that the depositiontioése
corrosion products in the SGs be limited.

In order to limit the blockage and the fouling iG§ nuclear operators currently utilize chemical
conditioning, chemical cleaning techniques (STUZMMNMt al., 2015) and mechanical techniques.
Another way is the use of the online injection aispersant, PolyAcrylic Acid (PAA) into the SGsrithg
operation.

The study of the impact of PAA on magnetite pagtidh suspension and on the formation of oxide siepo
on SGs materials has been of interest for its egttin into the nuclear park. The interactions odag
between PAA and the iron could lead to a redudtiahe deposit formation kinetics, which would ibiti
the formation of deposits. Such an application wattongly be beneficial for the operation of tl&sS
Dispersant injection in nuclear power plants hasnbi@avestigated for long-term use in the USA (EPRI,
2012). Two types of application methods are inatdduclear Power Plants (NPPs): the online longter
use and the offline applications which include S& layup and startup long-path recirculati@mline
applications have also been performed in Francéé®v02) (low quantity of PAA during the cycle) and
in Belgium (Doel 3) (LAIRE et al., 2014) (high quéan of PAA at the end of the cycle).

The aim of this study was to evaluate the preventiature of PAA on the fouling deposits (mainly
composed of iron oxides) in SGs and to determieeatttion mechanism(s) of PAA on iron oxides. The
modelling of SGs fouling and the preventive PAAeeffon iron was also realized.

EXPERIMENT DESCRIPTION

Two experiments were carried out using magnetitedao and Inconel 690TT tubes:

- one blank test without PAA (Test 0) was perfornredrider to determine the effect of the secondary
conditioning on the tube and on the dissolved ontent in solution. It will be a reference for
further comparison;

- one test with 0.1 mg.kgof PAA (Test 0.1) to evaluate the PAA effect oa guantity of solubilized
iron but also on the iron oxide deposition on thiget The value of the tested concentration was
chosen to be high enough to see an effect aft@lat 60 days duration and in the area of interes
of a PWR operator.

To evaluate the effect of PAA on the magnetiteigiag in suspension and its effect on the formatibn
oxide deposits, studies were performed in physkertdcal conditions representative of the SGs. Tests
were performed by inserting a SG tube made of lecalioy 690TT, measuring one meter in length & th
IRIS loop shown in Figure 1. This loop was desigtedeproduce the operational conditions of the
secondary side two phase flow section of the SBePWR plants. A simplified scheme of the system i
shown in Figure 1. The solution circulated aroumel éxterior surface of the tube which, was heatzu f
inside to a temperature of 283 °C thanks to a stgdmary circuit (not represented in Figure 1) leeatb

302 °C.
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Figure 1. Simplified scheme of the setup named IRISResearch Instrumentation for the Investigatio
of Speciation in aqueous media at high temperaiR@y, BLANCHARD, MERTENS, & YOU (2014).
(P: pressure, N: level of the liquid/steam inteefa®@: mass flow of the conditioning at the input,
Qv: mass flow of steam at the output,. @ass flow of liquid at the output)

The tests were conducted in two phases: the tukes fivst subjected to one month of pre-oxidation a
283 °C and then to one month with injection of metga particles (purity level of 97 %) at 283 °CheT
pre-oxidation consisted in injecting the conditidneater into the heated autoclave directly whethas
following month, the conditioned water passed thiothe magnetite powder containing cell (80 g) iprio
to enter into the autoclave.

The test conditions and parameters used in the IS for the preventive study tests are summarized
Table 1. To obtain a reducing media, the solutimresdeaerated at least 4 hours under vacuum and the
conditioned solution was continuously bubbled ia tidnks using Ar-5 % Ftjas.

The expected iron concentration in SG feedwateabisut 2x16 g.kg* (EPRI, 2002). Because of the
important solution flow in the magnetite containicg]l, the equilibrium cannot be reached in thit de
enable iron deposition on the Inconel tube, the @gontent has to be higher than the solubilitytliofiiron

at 280 °C & (280 °C)= 4x10° mol.kg* =~ 2x10° g.kg"). As a consequence, the cell was heated at 140 °C
in order to reach an equilibrium iron content egoa@x10’ mol.kg" i.e. 17x10° g.kg".

Table 1. Parameters and physico-chemical condititiized for IRIS experiments

T P pH tr | Duration | [PAA] |[Morpholine] | [NH4OH]*
Units °C 10°Pa | a25°C | h h mg.kg* mg.kg* mg.kg*
TestO | 283 £2|6.7+0.2/ 9.6 £0.5| 28 1500 0 55 ~15
Test0.1| 283 +2| 6.7+0.2| 9.6 £0.5| 28 1500 0.1 55 ~15

'NH,OH is used to adjust theH to 9.6
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Upon completion of each test, the SG tube was reohdsom the autoclave. Then it was photographed,
sectioned (Figure 2) and cut into pieces thankkd@osition in the reactor. To evaluate the efté?AA

on the formation of oxide deposits, characterizatibthese tube sections was realized. Only thdteesf

the autoclave zone (see Figure 2) are presentihe imext section.

A

Interface
Liquid/Vapor 3

m<>»r00-<cd»

mZON

a
Liquid
(bottom of tube)

Figure 2. Sections of IRIS tube analysed by SEMXR®

RESULTS and DISCUSSION
Preventive effect of PAA

This section presents the results pertaining teffeet of PAA on magnetite particles in solutiardahe
effect of PAA on the formation of deposits.

Atomic Adsorption Spectroscopy (AAS) measuremehtheentrance and exit (both liquid and vapour) of
the IRIS loop were performed to follow the iron centration evolution with the addition of PAA (see
Table 2). The results seem to show a PAA effecipleyed in a preventive way on iron for a PAA
concentration 0.1 mg.Kg The dissolved iron content is increased by a&®r on average at the liquid
exit in the presence of PAA and can be up to 6gihigher than the iron content measured without PAA
It was also observed a decrease in the stabilizéitiee of the iron concentration. The stabilizatajrthe
iron content occurred after 300 h to 120 h withad with the addition of PAA, respectively. This RA
effect on the magnetite particles in solution wamdnstrated previously in the works by (REILLERet
2011; ROY, MANSOUR, & YOU, 2014).
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Table 2. AAS measurements of iron concentrationesht the entrance and exits
of the IRIS loop after introduction of k&,

Test 0 Test 0.1
[Fe] (ng.kg") | [Fe] (ug.kg")
Entry 33 3+3
Liquid exit 4+1 137
Vapour exit 21 3+1

Initial indications of the effect of PAA on the foation of oxide deposits are shown by the visupeets

of the tube after the tests without PAA and withA¢igure 3). The test without PAA gave rise tolack
deposit in the form of a gradient going from ligdite the humid steam phase to darkest in thedigbase.
However, after testing with PAA another gradiehtsttime composed of several phases, was observed
(Figure 3 (iii)) including a red one (in (ii) seati) which is supposed to be hematite.

(ii) | (iii)

0 mg.kg"!
PAA

0.1 mg.kg""
PAA

Figure 3. Photograph of the (i) humid vapour sext{@) liquid/vapour interface section and (iiigjliid
section of the IRIS tube after testing at 0 andnigikg' PAA

In the liquid free-span phase (Figure 2 (iii)) thevas an observed apparent decrease in the oxidsite
formed on the surface of the tube in the preseh@Ad. This decrease was confirmed by XRD analysis
performed on the same tube section. Indeed, thétseshowed a decrease of magnetite pattern sigmet

0.1 mg.kg' PAA was injected. Moreover, the decrease was tethanks to the reduction of the amount
of agglomerated or grouped particles, as-showngurE 5.
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Figure 4. X-ray Diffraction pattern for the IRISbiel at the liquid free-span section (Figure 2 (iii))
deposited in the presence and absence of PAA. Tiicates peaks
corresponding to Inconel 690TT, (Cukadiation = 1.5418 A)

0 mg.kg™
PAA

Figure 5. SEM-secondary electron images of the suiokace in the liquid free span
after the reference test and the test containibgr@kg™ PAA

The particles deposited in both cases were indim bf octahedron from less than 200 nm to at least
in diameter for both tests. However, for the tedhWAA there was a more numerous amount of large
octahedra. This could be an indication of the ¢ffié®AA on the germination and growth kineticsim

oxides.

Hematite formation on the tube surface

The presence of PAA in the circuit seems to leatiedormation of hematitei{FeOs) on the tube surface
of Inconel 690TT. A red phase is distinguishedtm$G tube at the liquid/vapour interface (Figu(e&)B
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when PAA is injected (Test 0.1). XRD analyses & #tection (Figure 1) after PAA injection, indicatie
presence of hematite patterns (shown in green)wigigothat PAA had an effect on the particle
crystallization.

* —0 mg.kg-1 PAA
—0.1 mg.kg-1 PAA

(110)

(400)
(ZTO) (104) l

w i I Rk
| —

25 30 35 40 45 50 55 60 65
2-theta (degrees)

Normalized intnesity (arbitrary unit)

Figure 6. X-ray diffraction pattern for the IRISiat the liquid-vapour interface section, depdsitethe
presence and absence of PAA, where the peaksén gre assigned to hematite contribution to the XRD
pattern. The * indicates peaks corresponding toriet690TT, (Culé radiation = 1.5418 A)

SEM observations were also made on the red zotlgeafube (Figure 3 (ii)). It showed the presence of

crystal platelets (Figure 7 (a)) with a shape closthat reported by SAPIESZKO & MATIJEWI(1980)
for hematite powders prepared by hydrothermal gnawt

Figure 7. SEM-secondary electron images of (a)diapor interface section after testing at 0.1kgg.
PAA in IRIS and (b) pure hematite produced by hjfdeomal growth in the work by
SAPIESZKO & MATIJEVIC (1980)

According to the Pourbaix diagram of iron-wateRat°’C (POURBAIX, 1963), the stable phase of iron is
magnetite apH 9.6 in reducing conditions. The same stable pigmund at higher temperature for the
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samepH (ANGWIN, 1986). As a consequence, from a thernmaghyic point of view hematite should not
form in the SG.

The first hypothesis links the formation of hemeatid an interaction of PAA with the iron (Il) in test
(Equation 1). The iron (Il) was complexed by PAAfting the equilibrium towards the right and thusn
(11N in solution precipitated as hematite whichuthave been deposited on the surface.

Fe'Fe)'O,+2H" - Fe** +a-Fe,0,+H,0 1)

This balanced chemical equation (Equation 1) caribieled in the following steps. First, magnetite
dissolution at the oxide/solution interface, leéalshe formation of iron (ll) and iron (Ill) accadrd) to
Equation 2:

Fe'Fe)'O, +8H" « Fe" +2Fe" +4H.,0 (2)
In presence of dihydrogen, iron (lll) is reducedran (II). The equilibrium is given Equation 3.
2Fe" +H, o 2Fe" +2H" 3)

Then, the sum of Equations 2 and 3 leads to thigiledum reaction of magnetite dissolution whichcoes
in a reduce media (Equation 4).

Fe'Fel'O, +6H* +H, - 3Fe" +4H,0 )

For the test with 0.1 mg.Kgof PAA, the complexation of iron (1) by PAA shifthe equilibrium (2) to the
right. Then, the formation of iron (lll) is incresk Since, hematite is formed from iron (1) (€&guation
5), this complexation favours the formation of héteaather than magnetite.

2Fe" +3H,0 » a-Fe,0,+6H" (5)

Moreover, the reduction of iron (Ill) into iron YI{[Equation 3) consumes the dihydrogen in the swiut
close to the interface oxide/solution. As a conseqe, the redox potential increases locally, which
enhances the formation of hematite on the oxidéaser The evaporation at the liquid/vapour intezfac
leads to an overconcentration of PAA that couldarphis phenomenon.

The redox potential can also be modified at theidigteam interface because of the thermal dedoadat
products of PAA. The main degradation productanfite and acetate (ROY, MANSOUR, et al., 2014),
could create localized areas of oxidation, whictuim oxidize the magnetite forming hematite.

Modelling of the preventive PAA effect on iron

The objective of this modelling work was to showttiton quantity increases at SG blowdown when PAA
is injected to a sufficient level in the SG circlitwould confirm the preventive effect of PAA oon. The
chemical code PhreeqCEA-3.2 version dedicatedaotoes application was used. This code, combined
with thermohydraulic data from literature, als@maled us to estimate the blockage of the last Tuipp&t
Plates (TSPs) and the steam composition.
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In order to integrate the PAA effect on the SG ifayll the experimental results of Test 0CkAa= 0.1
mg.kg") about the complexing/dispersing effect of PAA ioon oxides (D’ANGELO, 2015; ROY,
BLANCHARD, et al., 2014) were integrated in the cfieal code. Indeed, the mean quantity of iron
measured at the liquid output is equal to 13 ig.Rgfirst assumption was that several carboxyliougrs
are needed to complex iron (I). The species caintgithe carboxylic groups needed to complex itgn (
is a ligand, L with an oxidation number —Il. We kasupposed that the PAA mass concentration is
proportional to the one of the ligand L, 13 pgtKge. 0.1804x16 mol.kg") of L are needed to complex
all the iron present in solution.
The simulation was performed on a SG of Pressulitatér Reactor (PWR). A recirculation of the saati
overall the SG is considered. The presence of wddwn circuit and singularities such as tube support
plates were also considered. Three phases arepiesbe SG: the Inconel tube (solid), the steawh the
liquid.
Figure 8 represents the chosen mesh (29 controinas) that can be described as follows:

- ten control volumes for the spillway;

- one control volume for each TSP;

- one control volume between two TSPs;

- one control volume before the first TSP and onerdfte last TSP.

ha » output

Figure 8. SG mesh, h is the height in the SG. bhob square is a control volume (YOU, 2016)

A thermohydraulic dataset (temperature and wateanstweight in particular) was constructed from
thermohydraulic data of a 1300 MW PWR given by (GRD, 2012). For the other physical conditions,
the input data were the following:

- mass flow at the entrance of SG, 1937 tdn one SG:

- tubes number, 5342;

- blowdown ratio, 0.01e. 1 % of the feedwater flow;

- temperature of the feedwater at the SG entran€e;@5

The chosen chemical composition of the SG feedvimtrmmarized in Table 3.

2 In this version 0 of the chemical code, the blowdads not well situated for mathematical simplifica
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Table 3. Chemical composition of the SG feedwaseduor the calculations

[NH 4OH] [H2] [Fe]
(mol.kg?) | (cnPrenkg?) | (mol.kg?)
234x10° 5 26.8x10

The results of the calculations give all the speajeantities in the solution and also the amount of
precipitated magnetite. The quantities are givesuaface density in order to be comparable.

The calculated iron quantity at blowdown withoutlgidn of ligand is 2.94x1®mol.kg* (= 1.6 pg.kd).
When 13 ug.kg of ligand L are injected in the SG, the iron comteeaches 3.278xf0nol.kg? (=~ 1.8
1g.kgh. As a consequence, a 11.5 % increase of totalduantity {.e. iron (1) and (l1l)) at blowdown
was determined.

Moreover, the deposition of magnetite has signififadecreased when PAA has been injected. The
quantity of magnetite is given as apparent magnttitkness on a SG tube (see Figure 9). The addifi
PAA in the SG leads to a decrease of magnetit&rbis of one order of magnitude. The calculatibosvs

no precipitation of hematite.

The estimated magnetite thickness on a SG tubeutifPAA is 40 um after one year of nominal opegatin
conditions. An addition of 13 pg.Repf ligand leads to a total absence of depost@t TSP level.

10/~ 7100 wob- T 1 - 1 - 1T 8760 h
_ 80| _ 80| 7000 h
E [ E [

2 [ 3
» [ "]
o 60 o 60}
2 2 5000 h
£ t =
Q2 | 2
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- - 3000 h
x | x
o 20} o 20+
[ 1! 1000 h
Ol e © @ © ¢ ¢ ¢ o o o wescccce’'t 0 0 @ L] OF® © © ©¢ © @ © o o o (wevcccccccs’o’o’e .
................................................ oh
-10 -5 0 5 10 -10 -5 0 ] 10
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Figure 9. Apparent thickness of iron oxide on at8k& as a function of the height in the SG (a) aith
PAA and (b) with 13 pg.k§of ligand. Operating time ranges between 0 and8i7@ee the legendg.
one year of nominal operating conditions

CONCLUSION

The aim of this study was to evaluate the preventiature of PAA on the fouling deposits (mainly
composed of iron oxides) in SGs and to determiaeatiion mechanism(s) of PAA on iron oxides.

In order to determine the effect of PAA on the fatimn of magnetite deposits, Inconel 690TT tubesewe
exposed to the secondary chemistry medium and rtisggparticles with and without PAA.

The main conclusions are firstly that the dissolired content is increased by a 3.3 factor on ayeat
the liquid exit in the presence of PAA and can peta 6 times higher than the iron content measured
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without PAA. As a consequence, the effectivene$¥0k was shown for a concentration of 0.1 md-ky
the liquid phase of the autoclave, equivalent @0.mg.kd' in the SG feedwater.

Secondly, a decrease in the oxide deposit (magh&itmed on the surface of the tube in the preseffic
PAA was observed by scanning electron microscopycanfirmed by XRD analysis.

Moreover, the presence of PAA in the circuit leémishe formation of hematitex{Fe0Os) on the tube
surface of Inconel 690TT. The formation of hemagiéems to be due to the complexation of iron §l) b
PAA. This complexation leads to the increase ai ifidl) in solution that precipitates as hematithieth
could have been deposited on the surface.

The modelling work was performed with the chemicatle PhreeqCEA-3.2 version combined with
thermodynamic data from the literature. The resoitthe simulation performed on a SG of Pressurized
Water Reactor (PWR) including an injection of PAgnéirmed the preventive effect of PAA on iron oxide
Indeed, a 11.5 % increase of total iron at blowdewas estimated for a ligand injection of 13 p¢.Kghe
calculations also showed a decrease of magneititess of one order of magnitude when a small ainou
of PAA is injected.

NOMENCLATURE

CEA Atomic Energy Center

IRIS CEA loop: Research Instrumentation for theeltigation of Speciation in aqueous media at high
temperature

[M]  Mass concentration or molality of the molecifle measurement unit is specified

NPP  Nuclear Power Plant

P Pressure (Pa)

PAA Polyacrylic acid

PWR Pressurized Water Reactor

S (T) Iron solubility at the temperatuiie

SG Steam Generator

T Temperature (°C)

tr Retention time (h)
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